Orthogonal and forward light-scattering properties of lymphocytes were measured from patients with different lymphocytic diseases in order to determine the potential value of light scattering as a screening device. Monitoring of orthogonal light scattering of lymphocytes of a B-cell chronic lymphocytic leukemia patient during splenic irradiation (SI) revealed the selective decrease of malignant cells and the fact that the major part of the residual lymphocytes were cytotoxic lymphocytes. By combining forward and orthogonal light scattering it was shown that lymphocytes from a patient with Ty lymphocytosis were abnormal. Orthogonal light scattering also showed an increase in cytotoxic lymphocytes in a patient with mononucleosis infectiosa and in a splenectomized patient.
Orthogonal and forward light-scattering properties of lymphocytes were measured from patients with different lymphocytic diseases in order to determine the potential value of light scattering as a screening device. Monitoring of orthogonal light scattering of lymphocytes of a B-cell chronic lymphocytic leukemia patient during splenic irradiation (SI) revealed the selective decrease of malignant cells and the fact that the major part of the residual lymphocytes were cytotoxic lymphocytes. By combining forward and orthogonal light scattering it was shown that lymphocytes from a patient with Ty lymphocytosis were abnormal. Orthogonal light scattering also showed an increase in cytotoxic lymphocytes in a patient with mononucleosis infectiosa and in a splenectomized patient.
Orthogonal light scattering of lymphocyte subpopulations showed that the leu8+ population of a patient with mononucleosis infectiosa was bidisperse. For elderly donors the occurrence of CD3+, CD4+, CD8+, and HNK-1+ lymphocytes with a large orthogonal light scattering varied considerably. The CD8+ lymphocytes of these donors consisted mainly of cytotoxic lymphocytes. These results show that determination of light-scattering properties of lymphocytes may yield important diagnostic information and can indicate when further investigation of the lymphocytes by means of immunofluorescence is necessary.
Key terms: Perpendicular light scatter lymphocytes, lymphocytic diseases, monoclonal antibodies, leukemia Light-scattering measurements are routinely used in flow cytometry. Forward light scattering appears to be related to cell size (4), whereas orthogonal light scattering is dependent on internal and external cell structure (1, 2, 10) . By simultaneous measurement of forward and orthogonal light scattering, lymphocytes, monocytes, and granulocytes can clearly be distinguished in a sample of human leukocytes (5).
Recently we have shown that two populations of granulocytes can be distinguished by combined measurement of depolarized orthogonal light scattering and normal orthogonal light scattering. By means of cell sorting it was shown that one of these populations consisted of neutrophilic granulocytes while the cells in the other population were eosinophilic granulocytes (3). For human lymphocytes a discrimination is possible between cytotoxic lymphocytes, characterized by a large orthogonal light-scattering signal, and regulatory and B lymphocytes, characterized by a low orthogonal lightscattering signal (6) . Determination of the orthogonal light scattering of lymphocytes can also help in the discrimination of B-cell chronic lymphatic leukaemia (B-CLL) from other monoclonal B cell proliferations (7).
It was also shown that CD8+ lymphocytes can be distinguished into suppressor cytotoxic CD8+ lymphocytes (8) by using orthogonal light scattering. The clinical relevance of this fact was shown for B-CLL patients wherein the CD8+ lymphocytes appeared to consist mainly of cytotoxic lymphocytes (9).
The present study was primarily started to probe the potential value of determination of light-scattering properties of lymphocytes for routine screening of some lymphocytic diseases.
MATERIALS AND METHODS
Patients and Controls A 71-yr-old male had a chronic persistent lymphocytosis of T cells with Fc receptors for IgG (Ty lymphocytosis). The patient suffered from a neutropenia but had no complaints.
ORTHOGONAL LIGH'I' SCATTERING OF LYMPHOCYTES A 16-yr-old female with fever and lymphadenopathy had a relative (64%) and absolute lymphocytosis (5.1 x 106/ml) with more than 20% atypical lymphocytes. The positive Paul-Bunnel test assured the diagnosis mononucleosis infectiosa.
Two healthy donors had a splenectomy because of a traumatic spleen rupture. One 35-yr-old male had a splenectomy a t age 24, and one 21-yr-old male had a splenectomy at age 17.
Five elderly hospitalized donors were included in this study: One 81-yr-old female had a type 11 diabetes treated with insuline. One 83-yr-old female in a moderate nutrional state was treated for a deep venous thrombosis of a leg. One 84-yr-old male suffering from Parkinson's disease had a n increase of the erythrocyte sedimentation rate (82 mm/h) because of a n unknown cause. One 85-yr-old female with coronary sclerosis had an iatrogenic moderate thrombocytopenia. One 90-yr-old was a reasonably healthy female. Twenty healthy donors varied in age from 20 to 52.
Lymphocyte Subpopulation Determination Peripheral blood was collected into Vacutainer tubes containing heparin as anticoagulant. Lymphocytes were obtained after density separation and incubated with fluorescently labeled monoclonal antibodies as described in detail elsewhere (6, 8) . The following monoclonal antibodies were used: Fluorescein-labeled monoclonal antibodies: CD3 (anti-leu4, Becton Dickinson, Amersfoort, The Netherlands*); CD4 (anti-leu3*), CD8 (anti-leu2a"); HNK-1 (anti-leu7'); CD16 (anti-leull"); leu8*; CD20 (B1, Coulter Electronics, Luton, England). Phycoerythrin-labeled monoclonal antibody: C D l l (anti-leul5*).
Lymphocyte analysis was carried out within 8 h after blood collection to preserve both optimal binding properties for monoclonal antibodies and light-scattering properties of the lymphocytes. The flow cytometer is described in detail elsewhere (6, 8) .
From an optical point of view, measurements within a flow cell are preferred over measurements with a liquid jet-in-air system to obtain the needed high-resolution orthogonal light scattering signals. A standard procedure by which the samples are treated must be used. Furthermore, the adjustment of the flow system has to be optimal and identical for each measurement. This was accomplished by adjustment of the flow cytometer with standard microspheres that show excellent lightscattering properties. Moreover, we always measured first the sample of a typical healthy donor, directly prior to the measurement of a possibly aberrant sample. When all these precautions are taken, reproducible light-scattering measurements of lymphocytes can easily be obtained with high accuracy.
The percentage of lymphocytes with a large orthogonal light-scattering signal was obtained by division of the orthogonal light scatter histogram into two compo- nents and then determination of the number of lymphocytes in each component as described in detail elsewhere (6, 8) . Orthogonal light-scatter histograms of CD8+, leu8+, CD4+, and HNK-l+ lymphocytes were obtained after gating on the fluorescence intensity of the immunofluorescently labeled cells. The percentage of the lymphocytes with a large orthogonal light scattering was determined in a way similar to that used for the nongated lymphocytes. Each measurement contained at least 10,000 lymphocytes. 
RESULTS
For comparison and interpretation of the results obtained by light-scattering measurements, lymphocytes of all patients and donors were characterized with the monoclonal antibodies CD3, CD4, CD8, HNK-1, CD16, CD11,leu8, and CD20. The results are shown in Table 1 .
When the standard conditions described in the Materials and Methods are used, light-scattering measurements give very reliable and reproducible results. The orthogonal light-scatter histograms of lymphocytes from healthy donors then show bimodal distribution. This is illustrated in Figures lA, 2 , and 4A for typical healthy donors (dotted lines). Previously we have shown that the lymphocytes with the large orthogonal light-scattering signal possess antigens on their cell surface which are typical for cytotoxic lymphocytes (6).
For all individuals studied, the percentage of these lymphocytes with a large orthogonal light-scattering signal was determined ( Table 1) . The patient with mononucleosis infectiosa, one of the splenectomized individuals, and two of the elderly people showed an abnormal high percentage of lymphocytes with a large orthogonal light-scattering signal as compared with the healthy controls. These results confirm our earlier results (6), which showed that an increase of the percentage of lymphocytes with a large orthogonal light scattering goes along with an increase of the percentage of at least one of the lymphocyte subpopulations identified by monoclonal antibodies specific for cytotoxic lymphocytes. In patients with monoclonal lymphocyte proliferations only one population of lymphocytes was observed in the orthogonal light-scatter histogram (Figs. IA, 2) . Often this is associated with an abnormal value of the median of the orthogonal light-scattering distribution, as is shown for the patient with Ty lymphocytosis (Fig.  2) . This observation cannot only be used for the discrimination of proliferative lymphocytic diseases from reactive lymphocytic diseases and normal lymphocyte distributions but also to monitor the effect of therapy. This is illustrated for one B-CLL patient. A previously untreated B-CLL patient received during 10 wk a weekly zb ( 8 splenic irradiation (SI) dose of 0.5 Gy. Before SI and 3, 6, and 10 wk after the start of the SI course, orthogonal light-scatter histograms of the patients lymphocytes were measured (Fig. 1) . Before SI most lymphocytes had a low orthogonal light-scattering signal (Fig. 1A) . During the SI course, a second population with a large orthogonal light-scattering signal was detected clearly (Fig. 1B-D) . Note also that hardly any differences in the occurrence of both lymphocyte populations were found after 6 and 10 wk of SI. By gating on the fluorescence intensity of immunofluorescently labeled cells the orthogonal light-scattering properties of specific lymphocyte subpopulations can be determined. This technique was used to discriminate the CD8' lymphocytes into CD8b lymphocytes with a large orthogonal light scattering and CD8a lymphocytes with a small orthogonal light-scattering signal. The results were expressed as CD8b/CD8 ratios and are given in Table 1 . As compared with healthy individuals, the CD8b/CD8 ratios were increased for all elderly people, the patient with mononucleosis infectiosa, and one of the splenectomized individuals.
Interesting information is not only obtained from the orthogonal light-scattering properties of CD8+ lymphocytes. As was to be expected, the lymphocytes of the patient with a Ty lymphocytosis mainly consisted of CD3' lymphocytes, of which most cells were CD8'. It is remarkable that a relatively high proportion of the lymphocytes expressed the antigen for HNK-1. Characterization of the HNK-l+ lymphocytes of this patient by means of light scattering revealed the existence of two clearly distinguishable subpopulations. Figure 3 shows two-parameter density maps of forward and orthogonal light scattering of HNK-1' lymphocytes of a typical healthy donor (Fig. 3) and the patient (Fig. 3) . From the figure it is evident that both HNK-l+ lymphocyte populations of the patient do not have the same light-scattering characteristics as the one of a typical healthy donor.
The patient with mononucleosis infectiosa showed an increase of the absolute number of lymphocytes ( Table  1) . This increase was mainly due to a n increase of CD11' lymphocytes. Compared with the number of CD4+ l y m phocytes, the relative and absolute number of the CD8' lymphocytes was increased. In Figure 4 orthogonal lightscatter histograms of all lymphocytes (Fig. 4A), leu8+ ( Fig. 4B) , CD8' (Fig. 4 0 , and CD4+ (Fig. 4D ) lymphocytes of this patient and a typical healthy donor (dotted lines) are given. The majority of the lymphocytes of the patient had a large orthogonal light-scattering signal (Fig. 4A, Table 1) ; the same can be seen for the CD8' lymphocytes (Fig. 4C, Table 1 ). Whereas the majority of CD4+ lymphocytes showed a low orthogonal light-scattering signal as in healthy donors (Fig. 4D) , the orthogonal light-scattering histogram of the leu8+ lymphocytes clearly showed two populations of lymphocytes that are not found in healthy donors (Fig. 4B) ; 65% of the leu8' lymphocytes of the patient had the large orthogonal light-scattering signal typical for cytotoxic lymphocytes.
DISCUSSION
In earlier report we have already shown that two populations can be distinguished in the orthogonal lightscatter histograms of lymphocytes: a population with a low orthogonal light-scattering signal consists of regulatory and B lymphocytes and a population with a large orthogonal light-scattering signal consists of at least 80% cytotoxic lymphocytes as identified with monoclonal antibodies (6). This observation can also be expanded to lymphocyte subpopulations detected with monoclonal antibodies as we have shown for CD8+ lymphocytes (8) . In untreated patients with chronic B-cellderived leukaemia, only one population of lymphocytes was observed in the orthogonal light-scatter histograms. The median of the distribution of the orthogonal lightscattering signal of the lymphocytes was specific for the specific chronic lymphocytic leukaemia (7).
In this study light-scattering properties of lymphocytes and lymphocyte subpopulations of healthy donors and randomly chosen cases with possible abnormal lym- phocyte distributions were studied. We have shown that light-scattering measurements of lymphocytes may give information that is of clinical relevance. The orthogonal light-scatter histograms of lymphocytes from a patient with B-cell chronic lymphocytic leukaemia (B-CLL) and a patient with Ty lymphocytosis showed one uniform population of lymphocytes (Figs. lA, 2) . This is in contrast with the bimodal distribution found in the orthogonal light-scatter histograms of lymphocytes from healthy donors and patients with reactive lymphocytic diseases (Figs. lA, 2,4A ). Also the medians of the distributions of the orthogonal light-scattering signal of the lymphocytes of the patients differ from that of the two lymphocyte populations found for healthy donors (Figs. lA, 2) .
Measurement of the orthogonal light scattering of lymphocytes during a n SI course of a B-CLL patient showed that the sensitivity of the malignant B lymphocytes for SI was larger than that of the other lymphocytes. No significant changes in the relative occurrence between the lymphocytes with a low and large orthogonal light scattering was observed after six pulses of SI (Fig. 1) .
Some of the patients studied clearly showed an increase of the number of cytotoxic lymphocytes measured as the percentage of lymphocytes with a large orthogonal light-scattering signal. This was confirmed by an increase of cytotoxic lymphocytes detected with specific monoclonal antibodies.
These results clearly indicate that determination of the orthogonal light-scattering properties of unstained lymphocytes provides relevant information that can serve to draw the attention to abnormal cases. A clear indication of the kind of abnormality is obtained which can lead to a more specific further investigation.
Orthogonal light-scattering properties of lymphocyte subpopulations can be obtained simultaneously in flowcytometric studies in which enumeration of lymphocyte subpopulation identified with fluorescently labeled monoclonal antibodies are performed. Previously we have shown that the increase of CD8' lymphocytes in B-CLL patients is mainly caused by a n increase of CD8+ lymphocytes with a large orthogonal light-scattering signal (i-e., cytotoxic CD8+ lymphocytes) (9). In this study we have shown that separation of CD8' lymphocytes in suppressor and cytotoxic CD8+ lymphocytes with respect to different orthogonal light-scattering signals is also of interest in other cases. This can be seen, for instance, in mononucleosis infectiosa, splenectomized individuals, and elderly people.
Of interest is the observation of two populations of HNK-1+ lymphocytes with clearly distinguishable lightscattering properties in a patient with Ty lymphocytosis (Fig. 2) . Both populations were abnormal as compared with HNK-l+ lymphocytes of healthy donors Figs. 2,   3) . In a patient with mononucleosis infectiosa it was shown that determination of orthogonal light scattering of lymphocyte subpopulations is not only of interest for the lymphocytes positive with CD8 and HNK-1 but also for the lymphocytes positive with the monoclonal antibody leu8. Whereas the percentage of leu8' lymphocytes in this patient was within normal range, the orthogonal light-scatter histogram of these lymphocytes clearly showed two populations (Fig. 4B) . The population with the large orthogonal light scattering contained 65% of the leu8+ lymphocytes and was never observed in healthy donors. Since the percentage of CD11+ lymphocytes was strongly increased it suggests that these lymphocytes were leu8' and CDll', which in healthy donors belong to a cytotoxic lymphocyte subpopulation which occurs in very low frequency (6). These results indicate that in flow-cytometric studies in which lymphocyte subsets are enumerated, determination of the orthogonal light-scattering properties of the lymphocyte subsets yield information on whether the distribution within the lymphocyte subset is normal or needs further investigation.
Thus, determination of orthogonal light scattering can be used for monitoring selectivity of the effect of treatment on malignant lymphocytes in lymphoproliferative disorders.
In conclusion, we believe that our results indicate that determination of the orthogonal light scattering of lymphocytes can be used as a simple screening device to detect lymphocytic disorders. We have also shown that when studies with monoclonal antibodies are performed simultaneously, measurement of the light-scattering properties at least may indicate abnormalities within the CD8+, HNK-l', and leu8+ lymphocytes.
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